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The GraSR two-component system (TCS) controls cationic antimicrobial peptide (CAMP) resistance in Staphylococcus aureus
through the synthesis of enzymes that increase bacterial cell surface positive charges, by D-alanylation of teichoic acids and ly-
sylination of phosphatidylglycerol, leading to electrostatic repulsion of CAMPs. The GraS histidine kinase belongs to the
“intramembrane-sensing kinases” subfamily, with a structure featuring a short amino-terminal sensing domain, and two trans-
membrane helices separated only by a short loop, thought to be buried in the cytoplasmic membrane. The GraSR TCS is in fact a
multicomponent system, requiring at least one accessory protein, GraX, in order to function, which, as we show here, acts by
signaling through the GraS kinase. The graXRS genes are located immediately upstream from genes encoding an ABC trans-
porter, vraFG, whose expression is controlled by GraSR. We demonstrated that the VraFG transporter does not act as a detoxifi-
cation module, as it cannot confer resistance when produced on its own, but instead plays an essential role by sensing the pres-
ence of CAMPs and signaling through GraS to activate GraR-dependent transcription. A bacterial two-hybrid approach,
designed to identify interactions between the GraXSR and VraFG proteins, was carried out in order to understand how they act
in detecting and signaling the presence of CAMPs. We identified many interactions between these protein pairs, notably between
the GraS kinase and both GraX and the VraG permease, indicating the existence of an original five-component system involved
in CAMP sensing and signal transduction to promote S. aureus resistance.

The major Gram-positive human pathogen Staphylococcus au-
reus causes a wide variety of infections and displays a unique

adaptive potential which has made it one of the major causes of
nosocomial infections today, emphasized by the emergence of
antibiotic-resistant strains (35, 36). Its ubiquitous nature stems
mostly from the ability to survive a large variety of environmental
conditions, due in part to sensitive signal transduction pathways
that allow the bacterium to monitor and rapidly respond to envi-
ronmental signals. These mechanisms often involve two large
families of highly conserved proteins: ABC transporters, com-
posed of a membrane spanning domain protein (MSD) and a
nucleotide binding domain protein (NBD) (18), and two-
component systems (TCSs), coupled pairs of sensor histidine ki-
nases (HK), generally membrane bound, and their cognate re-
sponse regulator proteins (RR), usually acting as transcription
activators (21).

Regulatory relationships between these two groups of proteins
were described in Gram-positive bacteria, by demonstrating two-
component system-dependent expression of colocalized ABC
transporter genes (13, 19, 24), and genome analysis demonstrates
a predominance of these TCS/ABC transporter modules among
the Bacilli and Clostridia classes of the Firmicutes phylum (8, 11,
24). In these modules, the ABC transporter MSD protein has 10
transmembrane domains (TMDs) with an unusually long extra-
cytoplasmic loop (180 to 300 amino acids) and the TCS belongs to
the so-called “intramembrane-sensing kinase” (IMSK) subfamily
of histidine kinases, conserved in low G�C Gram-positive bacte-
ria, with a short amino-terminal sensing domain, composed of
two transmembrane helices separated by a short loop of only a few
amino acids (23, 37). Since they lack a typical HK extracellular

sensing domain, it has been suggested that signal detection must
involve a process acting at or from within the membrane interface
(37), in response to antimicrobial compounds, leading to in-
creased synthesis of the ABC transporter encoded by the neigh-
boring genes. The ABC transporter is then thought to facilitate
removal of the harmful drug and the initial stimulus of the system,
which then shuts down (23, 37).

Most S. aureus strains are endowed with 16 sets of genes en-
coding two-component systems, with an additional one present in
the methicillin resistance staphylococcal cassette chromosome
mec of methicillin-resistant S. aureus (MRSA) strains (32). Only
two of the S. aureus TCSs belonging to the IMSK subfamily form
TCS/ABC transporter modules: BraSR/BraDE, which we have re-
cently shown to be involved in bacitracin and nisin resistance
(bacitracin resistance associated) (19), and GraSR/VraFG.

The GraSR (glycopeptide resistance associated) TCS controls
cationic antimicrobial peptide (CAMP) resistance in S. aureus
through D-alanylation of teichoic acids, mediated by the DltABCD
enzymes, as well as MprF-dependent lysylination of phosphatidyl-
glycerol, increasing the bacterial surface positive charge and pre-
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venting CAMP binding by electrostatic repulsion (16, 33). CAMPs
such as defensins are a major component of host innate immune
defense systems, produced by all living organisms and killing bac-
teria through membrane permeation (15, 22) or by acting inter-
nally on DNA, RNA, or protein synthesis (14, 15). Expression of
the S. aureus dlt operon and mprF genes is induced by the presence
of CAMPs and specifically controlled by the GraSR TCS (9, 16, 33,
34, 39). GraSR control expression of the vraFG operon as well,
located directly downstream of the graXRS genes and encoding an
ABC transporter also playing a role in CAMP resistance (13, 16,
33, 34, 39). Additionally, the first gene of the graRS operon en-
codes GraX, a protein of unknown function that also plays a role
in CAMP resistance (16, 33, 39), which we have previously shown
to be required for GraSR-dependent gene expression, suggesting
that it acts as an essential cofactor for the system (13).

We have recently investigated the GraSR regulon of S. aureus,
defining the GraR binding site and uncovering new links to signal
transduction pathways controlling stress response, virulence gene
expression, and cell wall metabolism (13). An important question
remains of CAMP signal detection by the GraS kinase. Indeed, as
an IMSK, it is much shorter than most TCS histidine kinases,
lacking any classical signal sensing input domains. A previous re-
port suggested that the short loop separating the two transmem-
brane domains of GraS could be essential for signal sensing by
directly binding CAMPs (33). However, we have shown for the
closely related BraSR system that the BraE ABC transporter per-
mease is the true sensor of the system, conferring to the BraS IMSK
the ability to sense nisin or bacitracin (19). BraSR activate tran-
scription of operons encoding two ABC transporters that play
distinct and original roles in antibiotic resistance: the BraDE
transporter is only involved in bacitracin sensing and signaling
through BraSR, whereas the VraDE transporter acts specifically as
a detoxification module and is sufficient to confer bacitracin and
nisin resistance when produced on its own (19).

In this study, we sought to determine the roles of the additional
partners GraX and the VraFG ABC transporter in conferring
CAMP resistance and their relationship to the GraSR TCS. We
demonstrated that GraX acts through the GraS HK and that the
VraFG ABC transporter is involved in CAMP resistance by sensing
and signaling through GraSR. Using the bacterial two-hybrid ap-
proach, we were able to show that GraS interacts with both GraX
and the VraG permease. These results highlight the existence of an
original five-component signaling complex involved in CAMP
sensing and signal transduction to promote S. aureus resistance to
these antimicrobial compounds.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Escherichia coli K-12 strain
DH5� (Invitrogen Life Technologies) was used for cloning experiments.
Plasmid constructs were first passaged through the restriction modifica-
tion deficient S. aureus strain RN4220 (31) before introduction into S.
aureus strain HG001, an rsbU� variant of strain NCTC 8325 (17) and its
derivatives. HG001 is a genetically tractable, clinically relevant non-
mutagenized S. aureus strain and was used for all genetic studies. Bacterial
strains and plasmids are listed in Table 1. E. coli strains were grown in LB
medium with ampicillin (100 �g/ml�1) when required. S. aureus was
grown in Trypticase soy broth (TSB; Difco) with shaking (180 rpm) at
37°C. For plasmid selection, chloramphenicol (10 �g/ml�1) or erythro-
mycin (2 �g/ml�1) were added as required. E. coli and S. aureus strains
were transformed by electroporation using standard protocols (44) and
transformants were selected on LB or Trypticase soy agar (TSA; Difco)

plates, respectively, with the appropriate antibiotics. Colistin sulfate was
used as a CAMP (Sigma-Aldrich) to induce the GraSR system in S. aureus
strains when required.

MIC determinations. MIC determinations were performed in a 96-
well microtiter plate (100-�l culture volume). Bacterial cultures were
grown in TSB, diluted to an optical density at 600 nm (OD600) of 0.05 and
used to inoculate wells containing TSB with standard 2-fold increments of
colistin concentration (vol/vol). Plates were incubated for 12 h with vig-
orous shaking at 37°C in a Synergy 2 thermoregulated spectrophotometer
plate reader using the Gen5 microplate software (BioTek Instruments
Inc., Winooski, VT). All experiments were performed at least in triplicate.

DNA manipulations. Oligonucleotides used in this study were syn-
thesized by Sigma-Proligo, and their sequences are listed in Table 2. S.
aureus HG001 chromosomal DNA was isolated using the MasterPure
Gram-positive DNA purification kit (Epicentre Biotechnologies). Plas-
mids were isolated using a QIAprep spin miniprep kit (Qiagen), and PCR
fragments were purified using the QIAquick PCR purification kit
(Qiagen). T4 DNA ligase and restriction enzymes (New England Bio-
Labs), PCR reagents, and high-fidelity Pwo thermostable DNA polymer-
ase (Roche) were used according to the manufacturers’ recommenda-
tions. Nucleotide sequencing of plasmid constructs was carried out by
Genome Express-Cogenics or GATC Biotech.

Plasmids and mutant construction. Oligonucleotides used for PCR
amplifications are listed in Table 2. The thermosensitive shuttle vector
pMAD was used for introducing markerless gene deletions (3). Mutant
strains of S. aureus HG001 used in this study were obtained by gene dele-
tions, removing the entire coding sequence without the introduction of an
antibiotic resistance gene. In a first step, two DNA fragments, of approx-
imately 600 bp, corresponding to the chromosomal DNA regions located
directly upstream and downstream from the gene(s) of interest, were gen-
erated by PCR, digested with XhoI or BsaI, and ligated using T4 DNA
ligase. The ligation product was reamplified using the external primers
and purified before cloning into the temperature-sensitive shuttle vector
pMAD between the EcoRI/NcoI or SalI/BglII restriction sites. Nucleotide
sequences of the constructs were confirmed by DNA sequencing, and the
resulting plasmids were introduced into S. aureus HG001. Integration and
excision of the pMAD derivatives leading to deletion of the chromosomal
region of interest was carried out as previously described (3). Gene dele-
tions in mutant strains were verified by PCR.

Plasmid pMK4Pprot, a derivative of vector pMK4 carrying a constitu-
tively expressed Gram-positive promoter sequence (2), was used for gene
complementation experiments using PCR-generated DNA fragments
corresponding to the gene coding sequences. Oligonucleotide pairs are
listed in Table 2.

Plasmid pSA14 (13) was used to measure the expression of S. aureus
genes by constructing transcriptional fusions between gene promoter re-
gions and the E. coli lacZ reporter gene. Promoter regions of the vraFG
operon or mprF gene were amplified by PCR using oligonucleotides in-
troducing BamHI/PstI restriction sites (see Table 2). The corresponding
DNA fragments were then cloned between the corresponding restriction
sites of the pSA14 vector, yielding plasmids listed in Table 1.

To construct the chimeric VraG MSD protein with the extracellular
loop of VraE (VraG*VraE), the predicted membrane topologies of VraG
and VraE were determined using the TopPredII program and von Hei-
jne’s algorithm (7). The sequence of the vraE extracytoplasmic loop was
amplified by PCR using oligonucleotides carrying BsaI restriction sites
(19). Two PCR fragments corresponding to the DNA regions flanking the
vraG extracellular loop, including the vraF gene, were generated and li-
gated to the vraE extracellular loop sequence, seamlessly fusing the three
fragments together without adding any additional nucleotides. The re-
sulting fragment was reamplified by PCR using the external oligonucleo-
tides and cloned in the pMK4-Pprot plasmid, yielding plasmid pMK4-
Pprot vraFG*vraE (19).

Site-directed mutagenesis by strand overlap extension PCR (SOE-
PCR) was used to construct the graRD51E mutant (ST1172 strain). Two
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype or description
Source, reference, or
constructiona

Strains
E. coli

DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1 hsdR17(rk
�, mk

�) phoA
supE44 �� thi-1 gyrA96 relA1

Invitrogen Life Technologies

EC1123 lacZ1-12::phoA61-1413::lacZ13-180, Kmr pKTOP¡DH5�
EC1124 graX::phoA61-1413::lacZ13-180, Kmr pKTop-GraX¡DH5�
EC1130 graX1-368::phoA61-1413::lacZ13-180, Kmr pKTop-GraX1-122¡DH5�
EC1131 graX1-669::phoA61-1413::lacZ13-180, Kmr pKTop-GraX1-223¡DH5�
EC1132 graS1-117::phoA61-1413::lacZ13-180, Kmr pKTop-GraS1-39¡DH5�
EC1133 graS::phoA61-1413::lacZ13-180, Kmr pKTop-GraS¡DH5�
XL1-Blue F=::Tn10 proA�B� lacIq �(lacZ)M15 glnV44(AS) endA1 gyrA96 recA1 thi-1 hsdR17 lac Stratagene
DHT1 F� glnV44(AS) recA1 endA1 gyrA96 (Nalr) thi-1 hsdR17 spoT1 rfbD1 cya-854

ilv-691::Tn10
10

S. aureus
RN4220 Restriction deficient transformation recipient 31
HG001 NCTC 8325 rsbU� 17
ST1036 �graRS 13
ST1039 vraF=-lacZ, Cmr 13
ST1041 �graRS vraF=-lacZ, Cmr 13
ST1052 �graX vraF=-lacZ, Cmr 13
ST1068 �vraFG::spc, Spr 19
ST1070 �graX 13
ST1074 mprF=-lacZ, Cmr 13
ST1075 �graRS mprF=-lacZ, Cmr 13
ST1100 �graS pMADgraS¡ HG001
ST1101 �graXS pMADgraS¡ ST1070
ST1102 �vraFG vraF=-lacZ, Cmr pSA14vraF ¡ST1068
ST1103 �vraFG mprF=-lacZ, Cmr pSA14mprF ¡ ST1068
ST1116 �graRS pMK4-PprotgraR, Cmr 13
ST1117 �graRS pMK4-Pprot, Cmr 13
ST1118 �graS vraF=-lacZ, Cmr pSA14vraF ¡ ST1100
ST1119 �graXS vraF=-lacZ, Cmr pSA14vraF ¡ ST1101
ST1120 pMK4-Pprot, Cmr 13
ST1150 �vraFG pMK4-Pprot, Cmr pMK4-Pprot¡ST1068
ST1151 �vraFG pMK4-PprotvraFG, Cmr pMK4-PprotvraFG¡ST1068
ST1152 �graRS pMK4-PprotvraFG, Cmr pMK4-PprotvraFG¡ST1036
ST1153 �vraFG pMK4-PprotgraR, Cmr, Spcr pMK4-PprotgraR¡ST1068
ST1154 �graX pMK4-Pprot, Cmr pMK4-Pprot¡ST1070
ST1170 �graS pMK4-Pprot, Cmr pMK4-Pprot¡ST1100
ST1171 �graS pMK4-PprotgraR, Cmr pMK4-PprotgraR¡ST1100
ST1172 graRD51E pMADgraRD51E¡HG001
ST1173 graRD51E pMK4-Pprot, Cmr pMK4-Pprot¡ST1172
ST1174 graRD51E pMK4-PprotgraR, Cmr pMK4-PprotgraR¡ST1172
ST1175 graRD51E vraF=-lacZ, Cmr pSA14vraF ¡ST1172
ST1177 �vraFG pMK4-PprotvraFG*vraE, Cmr, Spcr pMK4-Pprot vraFG*vraE¡ST1068
ST1207 �graX pMK4-PprotgraR, Cmr pMK4-PprotgraR¡ST1070

Plasmids
pMAD pE194 derivative with a thermosensitive origin of replication for

deletion/replacement of genes in Gram-positive bacteria
3

pMADgraS pMAD derivative allowing deletion of the graS gene This study
pMADgraRD51E pMAD derivative allowing the introduction of the D51E mutation in the graR gene This study
pSA14 pMK4 derivative carrying promoterless E. coli lacZ for constructing transcriptional

fusions
13

pSA14vraF pSA14 derivative carrying the intergenic region between graXRS and vraFG 13
pSA14mprF pSA14 derivative carrying the mprF promoter region 13
pMK4Pprot pMK4 derivative carrying a constitutive Gram-positive promoter for gene

complementation
2

pMK4-PprotgraR pMK4-Pprot derivative carrying graR 13
pMK4-PprotvraFG pMK4-Pprot derivative carrying vraFG 19
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DNA fragments with overlapping 3= and 5= ends were generated by PCR
with oligonucleotide pairs MF163/MF164 and MF165/MF166. Oligonu-
cleotides MF164 and MF165 are complementary and carry a single nucle-
otide mismatch within the native graR coding sequence, changing codon
51 from an aspartate codon (GAT) to a glutamate codon (GAA) through
a T ¡ A transversion. The purified DNA fragments were mixed in equal
amounts and used as a DNA matrix for SOE-PCRs with oligonucleotides
MF163 and MF166. The full-length DNA fragment was then cloned be-
tween the SalI and BglII sites of the pMAD vector resulting in
pMADGraRD51E, which was transformed into S. aureus strain HG001,
generating strain ST1172, following integration and excision. As a result
of the point mutation changing the aspartate 51 codon to glutamate, a
FokI restriction site was destroyed. The absence of this restriction site
within the mutated graR coding sequence was used to identify positive
clones by PCR amplification of an internal DNA fragment encompassing
the mutated codon using oligonucleotide pair MF167/MF168 followed by
restriction with BtsCI, a neoschizomer of FokI, and the DNA fragment
corresponding to the entire mutagenized chromosomal graR coding re-
gion was sequenced in order to verify the presence of the intended single
base pair change.

To construct the recombinant plasmids used in the bacterial two-
hybrid (BACTH) complementation assays, genes coding for the S. aureus
proteins under study were PCR amplified using appropriate primers (Ta-
ble 2) and genomic DNA from HG001 as a template. Briefly, the corre-
sponding DNA fragments were amplified by PCR with the appropriate
oligonucleotide pairs (see Table 2), digested with BamHI and EcoRI (for

graS, graR, vraG, and vraF) or BamHI and BsaI (for graX), and cloned
between the BamHI and EcoRI sites of the pKT25 and pUT18C vectors
(29). The resulting recombinant plasmids expressed hybrid proteins, in
which the polypeptides of interest were fused to the C terminus of the T25
or T18 fragment of adenylate cyclase (AC), respectively. For the reciprocal
combinations, PCR-generated fragments (without the stop codon, see
Table 2 for oligonucleotide pairs) were digested with HindIII and BamHI
(for graX, graR, and graS) or BsaI and BamHI (for vraG and vraF) and
cloned into the HindIII and BamHI sites of the pKNT25 (27) and pUT18
vectors (29). This second set of recombinant plasmids encoded hybrid
proteins in which the polypeptides of interest were fused to the N termi-
nus of the T25 or T18 fragment of AC, respectively.

�-Galactosidase assays. Cells were grown until an OD600 of 1, colistin
was added to the medium at 50 �g/ml�1 or 200 �g/ml�1 when required,
and growth was pursued for 30 min. S. aureus strains carrying the different
lacZ fusions were then harvested by centrifuging 2 ml culture samples (2
min, 20,800 � g). Cells were resuspended in 500 �l of Z buffer (40) with
0.5 mg/ml�1 DNase, 5 mM dithiothreitol (DTT), and 0.1 mg/ml�1 lyso-
staphin added extemporaneously and lysed by incubation at 37°C for 30
min. Cell debris was eliminated by centrifugation (2 min, 20,800 � g), and
the supernatant was either used directly for assays or stored at �20°C.
Assays were performed as previously described and �-galactosidase-
specific activities were expressed as Miller units/mg�1 protein (40). Pro-
tein concentrations were determined using the Bio-Rad protein assay
(Bio-Rad, Hercules, CA) (5). All experiments were carried out in tripli-
cate.

TABLE 1 (continued)

Strain or plasmid Relevant genotype or description
Source, reference, or
constructiona

pMK4-PprotvraFG*vraE pMK4-Pprot derivative carrying the vraFG*vraE genes 19
pKT25 BACTH vector designed to express a given polypeptide fused in frame at its

N-terminal end with T25 fragment; p15 ori
28

pKNT25 BACTH vector designed to express a given polypeptide fused in frame at its
C-terminal end with T25 fragment; p15 ori

25, 28

pUT18C BACTH vector designed to express a given polypeptide fused in frame at its
N-terminal end with T18 fragment; ColE1 ori

28

pUT18 BACTH vector designed to express a given polypeptide fused in frame at its
N-terminal end with T18 fragment; ColE1 ori

28

pKT25-graX Full-length graX ORF cloned into pKT25 This study
pKT25-graR Full-length graR ORF cloned into pKT25 This study
pKT25-graS Full-length graS ORF cloned into pKT25 This study
pKT25-vraF Full-length vraF ORF cloned into pKT25 This study
pKT25-vraG Full-length vraG ORF cloned into pKT25 This study
pKNT25-graX Full-length graX ORF cloned into pKNT25 This study
pKNT25-graS Full-length graS ORF cloned into pKNT25 This study
pKNT25-vraF Full-length vraF ORF cloned into pKNT25 This study
pKNT25-vraG Full-length vraG ORF cloned into pKNT25 This study
pUT18C-graX Full-length graX ORF cloned into pUT18C This study
pUT18C-graR Full-length graR ORF cloned into pUT18C This study
pUT18C-graS Full-length graS ORF cloned into pUT18C This study
pUT18C-vraF Full-length vraF ORF cloned into pUT18C This study
pUT18C-vraG Full-length vraG ORF cloned into pUT18C This study
pUT18-graX Full-length graX ORF cloned into pUT18 This study
pUT18-graS Full-length graS ORF cloned into pUT18 This study
pUT18-vraF Full-length vraF ORF cloned into pUT18 This study
pUT18-vraG Full-length vraG ORF cloned into pUT18 This study
pKTOP Vector expressing dual reporter, PhoA21-471/LacZ5-60, p15 ori 27
pKTop-GraX pKTop derivative expressing tripartite GraX/PhoA21-471/LacZ5-60 This study
pKTop-GraX1-122 pKTop derivative expressing tripartite GraX1-122/PhoA21-471/LacZ5-60 This study
pKTop-GraX1-223 pKTop derivative expressing tripartite GraX1-223/PhoA21-471/LacZ5-60 This study
pKTop-GraS pKTop derivative expressing tripartite GraS1-346/PhoA21-471/LacZ5-60 This study
pKTop-GraS1-39 pKTop derivative expressing tripartite GraS1-39/PhoA21-471/LacZ5-60 This study

a Arrows indicate plasmid introduction by electroporation.
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Protein localization analysis. To examine GraX and GraS localiza-
tion, we used plasmid pKTop that encodes a dual pho-lac reporter and
allows determination of protein localization in vivo (1). For GraX, three
pKTop derivatives were constructed in which the pho-lac reporter was
fused in frame after the following graX codons: G129 (pKTop-GraX1–129),
I223 (pKTop-GraX1–223), and K307 (pKTop-GraX1–307), the full-length
protein. The corresponding graX fragments were PCR amplified from
HG001 genomic DNA by using appropriate oligonucleotide pairs
(MF152/MF218, MF152/MF2224, and MF152/MF153, respectively) (Ta-
ble 2) and cloned between the HindIII and BamHI sites of pKTop. To
determine the membrane topology of GraS, two PCR-generated graS
DNA fragments encoding a full-length protein, GraS1–346 (MF156/
MF157), and a truncated variant, GraS1–39 (MF156/MF223), were di-
gested with HindIII and BamHI and cloned into pKTop (Tables 1 and 2).
For membrane protein topology assays in vivo, the resulting plasmids
were transformed into E. coli DH5� and plated on dual-indicator LB agar
plates containing 6-chloro-3-indolyl-�-D-galactopyranoside (Red-Gal;
Sigma) at 100 �g/ml�1, 5-bromo-4-chloro-3-indolyl phosphate diso-
dium salt (X-Phos; Sigma) at 80 �g/ml�1, isopropyl-�-D-
thiogalactopyranoside (IPTG; 1 mM), 50 mM phosphate buffer (pH 7.0),
and 50 �g/ml�1 kanamycin.

BACTH complementation assay. For BACTH complementation as-
says, recombinant vectors (pKT25, pKNT25, pUT18C, and pUT18) car-
rying the S. aureus genes under study were cotransformed in all combina-
tions into E. coli DHT1 cells (10). Transformants were plated on LB/X-Gal

(5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) plus IPTG and in-
cubated at 30°C for 24 to 36 h. Interaction efficiencies between different
hybrid proteins were then quantified by measuring �-galactosidase activ-
ity in liquid cultures in a 96-well microtiter plate assay. Bacteria were
grown in 300 �l LB broth in the presence of 0.5 mM IPTG and appropriate
antibiotics in 2.2-ml 96-well storage plates (Thermo Scientific). Each well
of the array was inoculated with an isolated colony; for each set of trans-
formations, eight independent colonies were examined. Cells were grown
at 30°C for 14 to 16 h. Before the assays, cultures were diluted 1:5 into M63
medium (44), 175 �l from each well was transferred to a flat bottom
microtiter plate and an OD595 was recorded using a GENios reader
(Tecan). To permeabilize cells, 7 �l of SDS (0.05%) and 10 �l of chloro-
form were added to 200 �l of bacterial suspensions, which were trans-
ferred to a 1.2-ml polypropylene 96-well storage block (Thermo Scien-
tific). Solutions were vigorously intermixed using an 8-channel
multichannel pipette and incubated at room temperature for 30 to 40 min
to allow chloroform evaporation. For the enzymatic reaction, aliquots (20
�l) of the permeabilized cells were added to a new microtiter plate, each
well containing 105 �l of the following reaction mixture: PM2 buffer (70
mM Na2HPO4 12H2O, 30 mM NaHPO4 H2O, 1 mM MgSO4, and 0.2 mM
MnSO4 [pH 7.0] plus 100 mM �-mercaptoethanol) and 0.1%
o-nitrophenol-�-galactoside (ONPG). The plate was incubated at room
temperature for 20 to 30 min. A total of 50 �l of 1 M Na2CO3 per well was
added to stop the reaction. The OD405 was then recorded using a GENios
reader (Tecan). Enzymatic activities, A (in relative units), were calculated

TABLE 2 Oligonucleotides used in this studya

Name Sequence Description

MF11 5=-CTCCTCGAGTTGAACGCATGTCGGAAGT-3= graS downstream region, deletion mutant
MF12 5=-AGAAGATCTGCACCTGTTGGTTCGTCAGC-3=
MF116 5=-GTCGTCGACAATGGGATTTTAATGTTGCTGGT-3= graS upstream region, deletion mutant
MF117 5=-CTCCTCGAGTTATTCATGAGCCATATATCCT-3=
MF118 5=- GGAGGATCCGGAGGTGATATGGATGCAAATAC-3= graR coding sequence, complementation
MF119 5=- CTGCTGCAGTTATTCATGAGCCATATATCCTT-3=
MF140 5=- GGAGGATCCCAAACCTAAAGTTTTATTAGCAGG-3= graX coding sequence, T18-GraX and T25-GraX

fusionsMF141 5=- GGTGGTCTCGAATTCTCATTTAGTATATTTCATATTTTC-3=
MF142 5=- GGAGGATCCCCAAATACTACTAGTAGAAGATGAC-3= graR coding sequence , T18-GraR and T25-GraR

fusionsMF143 5=- GAAGAATTCTTATTCATGAGCCATATATCCTT-3=
MF144 5=- GGAGGATCCCAATAATTTGAAATGGGTAGCTTA-3= graS coding sequence, T18-GraS and T25-GraS

fusionsMF145 5=- GAAGAATTCTTAAAATGACAAATTTGTCACTTCCGA-3=
MF146 5=- GGAGGATCCCGCAATTTTAGAAGTAAAACA-3= vraF coding sequence, T18-VraF and T25-VraF

fusionsMF147 5=- GAAGAATTCTTAAAGGTCATAATTAACGCCAC-3=
MF148 5=- GGAGGATCCCACCTTTAACGAGATAATATTTAAAAATTTC-3= vraG coding sequence, T18-VraG and T25-VraG

fusionsMF149 5=- GAAGAATTCTTATATGGAATGTCTAATTG-3=
MF152 5=- AAGAAGCTTTAAAGGAGTATTTTAGATGAAACC-3= graX coding sequence, GraX-T18 and GraX-T25

fusions; and GraX fusion with
PhoA22-472/LacZ4-60

MF153 5=- GGAGGATCCTCTTTAGTATATTTCATATTTTCTCCTGAT-3=

MF156 5=- AAGAAGCTTGTAGGAAAAGGATATATGGCTCATGAA-3= graS coding sequence, GraS-T18 and GraS-T25
fusions; and GraS fusion with
PhoA22-472/LacZ4-60

MF157 5=- GGAGGATCCTCAAATGACAAATTTGTCACTTCCGACATGCGTT-3=

MF158 5=- GGTGGTCTCAAGCTTATAAATTATAGGAGTGTTAAAGTG-3= vraF coding sequence, VraF-T18 and VraF-T25
fusionsMF159 5=- GGAGGATCCTCAAGGTCATAATTAACGCCACCTAAAACAC-3=

MF163 5=-GTCGTCGACGTTCTTTAGTTAATGTAGAATTACAAG-3= graR upstream and coding region, graRD51E
mutationMF164 5=-CCATCATATTTAGGTAATTGAACTTCCAATATAACAATTTCAGGATTAAAA-3=

MF165 5=-TAATCCTGAAATTGTTATATTGGAAGTTCAATTACCTAAATATGATGGGTT-3= graR downstream and coding region, graRD51E
mutationMF166 5=-AGAAGATCTGTCTATTGGAAAATCATAATCG-3=

MF167 5=-GCAAATACTACTAGTAGAAGATGAC-3= graR coding sequence internal fragment
MF168 5=-ACTCATAGACACGACGATAAATCGC-3=
MF173 5=- GGTGGTCTCAAGCTTATAATACGTGTACAAAGTGTTTTAGGTGGCGT-3= vraG coding sequence, VraG-T18 and VraG-T25

fusionsMF174 5=- GGAGGATCCTCTATGGAATGTCTAATTGTTCGCTTGGAAT-3=
MF218 5=-GGAGGATCCTCAATTGTTTCATTATCATAACGACTCCCA-3= graX1-368 coding region, phoA61-::lacZ13-1413 fusion
MF223 5=- GGAGGATCCTCTGGAAAATCATAATCGATTAGACTAATG-3= graS1-117 coding region, phoA61-::lacZ13-1413 fusion
MF224 5=- GGAGGATCCTCAGTTATTATTCCATCAGCTGTTTC-3= graX1-669 coding region, phoA61-::lacZ13-1413 fusion
a Added restriction sites are indicated in italics.
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as follows: A � 1,000 � (OD405 � OD405 in control well)/(OD595 �
OD595 in control well)/t (min) of incubation. �-Galactosidase activity
levels at least 3- to 4-fold higher than those measured in DHT1 (pKT25,
pKNT25, pUT18C, pUT18) control cells were considered to indicate a
positive interaction. All assays were performed eight times.

RESULTS
GraSR/VraFG constitute a TCS/ABC transporter module in-
volved in CAMP resistance in Staphylococcus aureus. The
VraFG ABC transporter, encoded by the genes immediately
downstream from the graXRS operon, has been shown to be re-
quired for CAMP resistance in S. aureus although its specific role is
not understood (16, 33, 34, 39). In order to determine its contri-
bution to resistance, MIC values for colistin, a bacterial CAMP
which we have shown to act as a good inducer of the GraSR sys-
tem, were determined for strains HG001, ST1036 (�graRS), and
ST1150 (�vraFG), by following growth in TSB at 37°C over a 12-h
period, using a BioTek Synergy microplate reader and serial dilu-
tions of the CAMP. As shown in Table 3, the �vraFG mutant was
as sensitive as the �graRS mutant. Full complementation of both
mutants could be achieved by constitutively expressing either the
vraFG genes in the �vraFG mutant or the graR gene in the �graRS
mutant, using the pMK4-Pprot vector, where gene expression is
driven by the constitutive Pprot promoter (2) (Table 3) (see Ma-
terials and Methods).

Complementation of the �graRS mutant could be achieved by
expressing the graR gene alone, as overexpression of response reg-
ulator genes is well-known to bypass the requirement for the cog-
nate histidine kinase, through phosphorylation by other phos-
phate donors such as acetyl phosphate or aspecific kinase activity
within the cell (30). However, when the vraFG genes were overex-
pressed in the �graRS mutant, the strain remained as sensitive to
colistin as either the �vraFG or �graRS mutants, indicating that
the VraFG ABC transporter cannot function on its own as a de-

toxification module and that it requires the GraSR TCS to confer
CAMP resistance (Table 3, strain ST1152).

To study the role of VraFG in CAMP signaling through the
GraSR TCS, we constructed transcriptional lacZ fusions with the
vraFG operon and mprF gene promoters, using the pSA14 vector
(vraF=-lacZ and mprF=-lacZ, respectively). The fusions were intro-
duced into strains HG001, ST1036 (�graRS), and ST1068
(�vraFG), and �-galactosidase activities were measured during
mid-exponential growth at 37°C in TSB, with or without a 30-min
treatment with 50 �g/ml�1 colistin. As shown in Fig. 1, the VraFG
ABC transporter is essential for CAMP-inducible transcription
from the vraFG promoter, as well as for inducible expression of
the mprF=-lacZ fusion (see Fig. S1 in the supplemental material).
Expression of both transcriptional fusions in the �vraFG mutant
was lowered to the same basal levels as in the �graRS mutant,
showing that the VraFG ABC transporter is as essential as the
GraSR TCS in controlling CAMP-inducible expression of these
genes. As shown previously (13) and in Fig. S1, the mprF gene has
a high basal level of expression in the absence of GraSR or VraFG,
such that regulation of its expression is not as strong as for vraFG.

Taken together, our data suggest that the VraFG ABC trans-
porter acts to signal CAMPs through the GraSR TCS, in agreement
with our hypothesis that the GraS IMSK requires accessory part-
ners for signal detection and transduction.

The extracellular loop of the VraG permease is required for
CAMP resistance. Another ABC transporter, VraDE, closely re-
lated to VraFG, plays a central role in S. aureus bacitracin resis-
tance (19, 42, 45). The predicted membrane topologies and pri-
mary structures of these two ABC transporters are very similar (10
TMDs for the MSD proteins; 62% identity between VraD and
VraF and 39% between VraE and VraG). The most dissimilar
sequence between the proteins corresponds to the large extracy-
toplasmic loop of 193 (VraE) and 198 (VraG) amino acids in
length, located between transmembrane regions 7 and 8. Amino
acid sequence identity between these two loops is only 20%,
whereas the rest of the two proteins share 53% identity (19).
VraDE plays no role in CAMP resistance, since a �vraDE mutant
was as resistant to colistin as the parental HG001 strain (19). To

FIG 1 VraFG is required for its own synthesis and colistin induction. The
vraF=-lacZ fusion was introduced into S. aureus strains HG001, ST1036
(�graRS), and ST1068 (�vraFG). vraF=-lacZ expression was measured during
mid-exponential growth at 37°C in TSB (gray bars) or after treatment with 50
�g/ml�1 colistin (black bars). �-Galactosidase assays were performed as de-
scribed in Materials and Methods. Means and standard deviation values are
presented from three independent experiments.

TABLE 3 CAMP resistance of different S. aureus mutantsa

Strain Relevant genotype
Colistin MIC
(�g/ml�1)

ST1120 HG001/pMK4-Pprot 700
ST1117 �graRS/pMK4-Pprot 100
ST1150 �vraFG/pMK4-Pprot 100
ST1151 �vraFG/pMK4-Pprot-vraFG 700
ST1116 �graRS/pMK4-Pprot-graR 700
ST1152 �graRS/pMK4-Pprot-vraFG 100
ST1177 �vraFG/pMK4-Pprot-vraFG*vraE 200
HG001 700
ST1036 �graRS 100
ST1070 �graX 300
ST1100 �graS 100
ST1101 �graXS 100
ST1170 �graS/pMK4-Pprot 100
ST1171 �graS/pMK4-Pprot-graR 700
ST1154 �graX/pMK4-Pprot 300
ST1207 �graX/pMK4-Pprot-graR 700
ST1153 �vraFG/pMK4-Pprot-graR 700
ST1173 graRD51E/pMK4-Pprot 100
ST1174 graRD51E/pMK4-Pprot-graR 700
a Strains were grown at 37°C in TSB with decreasing colistin concentrations. Growth
was followed by measuring absorbance at 600 nm using a microtiter plate reader, and
MICs were determined as the colistin concentration that inhibits growth after 12 h.
Each experiment was repeated at least three times.

Falord et al.

1052 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


investigate the role of the VraG extracellular loop in S. aureus, we
therefore took advantage of the close similarities between VraE
and VraG in order to construct a chimeric ABC transporter by
domain swapping, exchanging the extracellular loop of VraG for
that of VraE, and expressing the chimeric gene with the cognate
vraF NBD gene using the pMK4-Pprot plasmid (19) (see Materials
and Methods). The resulting plasmid, pMK4-Pprot vraFG*vraE,
was introduced into the ST1068 (�vraFG) strain.

Sensitivity to colistin was examined for strains ST1120
(HG001/pMK4-Pprot), ST1150 (�vraFG/pMK4-Pprot), and
ST1177 (�vraFG/pMK4-PprotvraFG*vraE) by determining MICs.
As shown in Table 3, whereas the ST1120 control strain displayed
a high level of resistance to colistin, sensitivity of the �vraFG mu-
tant could not be complemented by producing the chimeric
VraG*VraE MSD protein and the VraF NBD protein. We have
shown in a separate study that overproduction of the VraFG*VraE

proteins can fully complement bacitracin sensitivity of a �vraDE
mutant (19), indicating that the chimeric VraG*VraE protein is
properly folded and localized to form a functional ABC trans-
porter with VraF. Taken together, these results strongly suggest
that the extracellular loop of the VraG permease plays an essential
role in CAMP sensing.

GraX acts as a cofactor of GraSR by signaling through GraS.
GraX, encoded by the first gene of the graXRS operon, bears weak
similarities to sugar epimerases, but although it is important for
CAMP resistance, acting as part of the GraXSR three-component
system to control CAMP resistance associated genes (13), its pre-
cise role remains unknown. In order to investigate the role of
GraX in the GraSR signal transduction pathway, we constructed
mutants lacking either the graX or graS genes alone, or both the
graX and graS genes, and compared colistin sensitivity of strains
HG001, ST1036 (�graRS), ST1070 (�graX), ST1100 (�graS), and
ST1101 (�graXS). As shown by the MIC values presented in Table
3, sensitivity of the �graX mutant is intermediate, in between that
of the parental HG001 strain and the �graRS mutant, whereas
deletion of the graS gene alone confers the same level of CAMP
sensitivity as the �graRS mutation. However, sensitivity of the
�graXS mutant is greater than that of the �graX mutant, showing
that the �graS mutation is epistatic to the �graX mutation (Table
3, strains ST1070 and ST1101). As the effects of the two mutations
are not additive, this suggests that GraX acts through the GraS
histidine kinase to transduce the CAMP signal to the GraR re-
sponse regulator, leading to increased CAMP resistance gene ex-
pression.

In order to confirm these results, we examined vraF=-lacZ ex-
pression in strain HG001 and the �graRS, �graX, �graS, and
�graXS mutants during mid-exponential growth in TSB at 37°C
after treatment with 50 �g/ml�1 colistin. As shown in Fig. 2, ex-
pression of vraF=-lacZ was approximately twice as high in the
�graX mutant than in the �graRS and �graS strains, and this
residual expression was abolished in the �graXS mutant, in agree-
ment with the proposed epistatic relationship between graS and
graX.

Overproduction of GraR bypasses the requirement of GraS,
GraX, and VraFG for colistin resistance. As shown above, GraX
and the VraFG ABC transporter act in the GraSR signal transduc-
tion pathway to control CAMP resistance. In order to further de-
termine where they act in this process, we introduced the pMK4-
Pprot-graR plasmid overproducing the GraR response regulator
into the HG001, �graRS, �graS, �graX, and �vraFG strains and

compared their sensitivity to colistin. As shown by the MIC values
presented in Table 3, overproduction of the GraR response regu-
lator fully compensates the absence of GraS, GraX, and VraFG,
restoring the resistance level of the parental HG001 strain. These
results indicate that both GraX and the VraFG ABC transporter
likely act through the GraS HK to achieve GraR phosphorylation
and activation in response to the presence of CAMPs and that
their main function is in signaling through the GraSR TCS.

Aspartate residue 51 of GraR is essential for its activity. Re-
sponse regulators are phosphorylated on a highly conserved as-
partate residue within the receiver domain (46, 48). Sequence
alignments indicate that in GraR, this residue is aspartate 51
(D51). In order to investigate the role of this residue in GraR
activity, a single markerless point mutation was introduced into
the S. aureus chromosomal graR gene, a T¡A transversion at
position 153 of the graR coding sequence, changing the GAT as-
partate 51 codon to a GAA glutamate codon. This was carried out
by site-directed mutagenesis through SOE-PCR (20), using the
pMAD plasmid (see Materials and Methods). The mutation lead-
ing to the D51E replacement in the receiver domain of GraR led to
complete inactivation of the response regulator. Indeed, as shown
in Table 3, the graR(D51E) mutant was as sensitive as the �graRS
mutant and could be fully complemented by introduction of the
pMK4-Pprot-graR plasmid overproducing the native GraR re-
sponse regulator (Table 3, strain ST1174).

In order to confirm these results, we examined vraF=-lacZ ex-
pression in strain HG001 and the graR(D51E) mutant. As shown
in Fig. 3, expression and colistin-dependent induction of vraF=-
lacZ were abolished in the graR(D51E) mutant, indicating that this
mutation does not act as a phosphomimetic in GraR, presumably
due to local amino acid sequence variations in the active site, and
that this residue is essential for GraR activation through phos-
phorylation, in agreement with the results shown above. Taken
together, these results indicate that the D51 residue of GraR is
essential for its activity.

GraX is a cytosolic protein. Our results indicate that GraX
might interact with the GraS HK. As GraS is an intramembrane-
sensing kinase, we wished to determine in which cellular compart-

FIG 2 GraX acts through GraS to induce vraFG expression. The vraF=-lacZ
fusion was introduced into S. aureus strains HG001, ST1036 (�graRS), ST1070
(�graX), ST1100 (�graS), and ST1101 (�graXS). vraF=-lacZ expression was
measured during mid-exponential growth in TSB at 37°C after treatment with
50 �g/ml�1 colistin. �-Galactosidase assays were performed as described in
Materials and Methods. Means and standard deviation values are presented
from three independent experiments.
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ment this interaction might take place. We first examined the
predicted membrane topology of the GraX and GraS proteins,
using the TopPredII program and Engelman, Steitz, and Gold-
man’s algorithm (7, 12). For GraX, a weakly hydrophobic putative
transmembrane segment was predicted (residues 216 to 236), with
the C terminus suggested to be extracellular. The predicted mem-
brane topology of the GraS histidine kinase was as expected, with
two transmembrane domains (residues 15 to 35 and 43 to 63)
separated by a short seven amino acid loop (YDFPIDS) and both
termini located in the cytosol.

Topological localization of both proteins was examined using a
dual pho-lac reporter system, which consists of the E. coli alkaline
phosphatase fragment PhoA21-471, fused in-frame with the
�-peptide of E. coli �-galactosidase, LacZ5-60 (1). In this approach,
an extracellular or membrane localization of the reporter leads to
high alkaline phosphatase activity and low �-galactosidase activ-
ity, whereas a cytosolic location of the reporter results in high
�-galactosidase activity and low alkaline phosphatase activity. In-
frame insertions of the pho-lac reporter after three selected graX
codons (I122, I223, K307) and two graS codons (P39, F346) were
created using plasmid pKTop to study their localization (see Ma-
terials and Methods). Plasmids expressing the different graX=-
pholac or graS=-pholac fusions were then transformed into E. coli
strain DH5�, and the transformants were analyzed on dual-
indicator LB medium plates containing both a blue chromogenic
substrate for phosphatase activity (X-Phos) and a red chromo-
genic substrate for �-galactosidase activity (Red-Gal) (see Mate-
rials and Methods) with the appropriate control fusions for cyto-
plasmic and extracellular localization (Fig. 4, pKTOP and
pKTOPK32, respectively).

As shown in Fig. 4, examination of the graX-recombinant con-
structs revealed that the pho-lac reporter fused after any of the
selected residues present upstream, in or downstream from the
predicted potential transmembrane domain (I122, I223, or K307,
the full-length protein) resulted in hybrid proteins exhibiting high

�-galactosidase activity (red phenotype), indicating a cytosolic
localization of the corresponding GraX residues and confirming
the in silico analysis predicting GraX to be a cytosolic protein. Cells
expressing the full-length graS fusion (graS1-346-pholac) exhibited
a red phenotype (i.e., Lac�), indicating a cytosolic localization of
the Pho-Lac reporter and, consequently, of the last residue, F346
of GraS (Fig. 4). Fusion of the Pho-Lac reporter after residue P39
of GraS, which lies within the short predicted extracellular loop,
yielded deep-blue colonies on the dual-indicator medium, consis-
tent with an intramembrane or extracytoplasmic localization of
residue P39 of GraS (Fig. 4).

BACTH analysis of GraXSR/VraFG interactions. In order to
understand the potential protein interaction network involved in
the multicomponent GraXSR/VraFG signal transduction path-
way, we applied the BACTH approach. In this system, based on
the interaction-mediated reconstruction of a cyclic AMP-
signaling (cAMP) cascade in E. coli, proteins of interest are pro-
duced as translational fusions with two fragments (T25 and T18)
of the catalytic domain of Bordetella pertussis AC in an E. coli cya
AC-deficient strain. Upon interaction of the hybrid proteins, the
proximity of the T25 and T18 fragments restores AC activity, lead-
ing to cAMP synthesis, and in turn to transcriptional activation of
catabolic operons (such as the lactose operon or the maltose regu-
lon). As the BACTH system interactions result in the generation of
a small diffusible molecule, cAMP, the protein interaction under
study does not need to occur near the transcription machinery as
in the case of yeast or other bacterial two-hybrid systems (28),
making it particularly appropriate for studying in vivo interactions
between membrane-localized proteins.

To characterize physical associations, the five proteins (GraX,
GraR, GraS, VraG, and VraF) were systematically tested for pair-
wise interactions using the BACTH complementation assay. For
this purpose, DNA fragments encoding the selected proteins were

FIG 3 The GraR aspartate 51 residue is essential for its activity. Expression of
vraF=-lacZ fusion was measured in the S. aureus HG001 and graRD51E strains
(ST1039 and ST1172, respectively) during mid-exponential growth in TSB at
37°C (gray bars) or after treatment with 50 �g/ml�1 colistin (black bars).
�-Galactosidase assays were performed as described in Materials and Meth-
ods. Means and standard deviation values are presented from three indepen-
dent experiments.

FIG 4 GraX and GraS protein topology analysis. DH5� cells expressing dif-
ferent Pho-Lac fusions were plated on indicator medium with two chromo-
genic substrates, Red-Gal (for �-galactosidase activity) and X-Pho (for phos-
phatase activity). Blue coloration of the colonies (high phosphatase activity)
indicates a membrane or extracellular localization of the fusion point. Red
coloration of the colonies (high �-galactosidase activity) indicates cytosolic
location of the fusion point. DH5� pKTop and Ctrl-PhoA�(K32) are positive
controls for �-galactosidase and phosphatase activity, respectively. Fusion
endpoints are indicated for each hybrid protein.
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cloned into appropriate BACTH vectors to generate hybrid pro-
teins, in which the tested polypeptides were fused at the N or C
termini of either the T25 or the T18 fragment of the B. pertussis AC
(see Materials and Methods). To probe putative interactions be-
tween the hybrid proteins, the E. coli DHT1 cya strain was cotrans-
formed with pairs of recombinant plasmids expressing the T25
and the T18 hybrids. The efficiency of functional complemen-
tation between the different hybrids was determined by
�-galactosidase assays as described in Materials and Methods, and
the results of the different pairwise combinations are summarized
in Table 4.

Based on the characteristic features of two-component signal-
ing systems and ABC transporters, we could anticipate ho-
modimerization of GraS (HK), VraG (MSD), and VraF (NBD).
Interactions between GraS-GraR and VraG-VraF could also be
expected. As shown in Table 4, the BACTH complementation data
confirmed that the GraS, VraG, and VraF proteins self-associate.
Additionally, we found that GraX also homodimerizes. Moreover,
complementation assays showed that VraG and VraF are more
prone to form asymmetric dimers. For example, the T25-VraG
hybrid protein, in which VraG is N-terminally fused with T25,
interacted efficiently with the VraG-T18 hybrid protein, whose
VraG had a free N terminus (130 units of �-galactosidase activity)
but not with T18-VraG (10 units of �-galactosidase activity). T25-
VraF also associates with VraF-T18, giving 20 times higher activ-
ities than with T18-VraF (208 units and 9 units of �-galactosidase
activity, respectively). For GraX and GraS, all four possible pair-
wise combinations of the hybrid proteins led to �-galactosidase
activities between 35 to 200 units, indicating dimer formation.

The BACTH analysis also revealed that the GraS HK associates
with its cognate RR, GraR, as expected. Additionally, as deduced
from the complementation analyses, GraS interacts with GraX if
the C terminus of GraX is free. Importantly, we found that GraS, a
transmembrane protein, was able to associate with the VraG MSD
polytopic membrane protein. In the complementation assays with
the GraR protein, besides the association with GraS, we observed
that GraR is able to interact with GraX and VraF. We also found an
expected association between the VraG permease and its cognate
ATPase, VraF. Finally, our analysis revealed that VraF could effi-
ciently interact with GraX: in cells expressing five out of eight

possible VraF-GraX pairwise combinations, we measured signifi-
cant levels of �-galactosidase activity (between 50 and 125 units).

Taken together, the BACTH complementation results showed
that the five GraXSR/VraFG proteins interact to form a multicom-
ponent complex. We confirmed several anticipated associations,
such as homodimerization of GraS, VraF, or VraG and interac-
tions between GraS and GraR as well as VraF and VraG. Second,
we found a number of novel interactions: between the two trans-
membrane proteins, GraS and VraG, and a network association of
the three cytosolic proteins, GraX, GraR, and VraF, in agreement
with our results, suggesting that GraX and VraFG are required to
signal and transduce the presence of CAMPs through GraS.

DISCUSSION

CAMPs such as human defensins are key components of the in-
nate immune defense system (15, 22). The principal mechanism
conferring CAMP resistance in Staphylococcus aureus involves in-
corporation of positively charged residues into the cell envelope,
effectively increasing electrostatic repulsion of CAMPs. This is
mediated through D-alanylation of lipoteichoic acids (LTAs) and
wall teichoic acids (WTAs) by the DltABCD enzymes, as well as by
MprF-dependent lysylination of phosphatidylglycerol (41). Ex-
pression of the S. aureus dltABCD operon and mprF genes is in-
duced by the presence of CAMPs and specifically controlled by the
GraS/GraR TCS (13, 16, 33, 34, 39). In some genetic backgrounds,
such as SA113, which is known to have a defect in the agr system,
GraSR-dependent control of mprF was not seen (16, 17). GraSR
also control expression of the vraFG operon, located directly
downstream of the graXSR genes and encoding an ABC trans-
porter playing a role in CAMP resistance (16, 33, 34, 39).

The GraSR TCS is particularly interesting, as it combines three
highly original features. Indeed, the GraS HK belongs to a specific
subfamily designated “intramembrane-sensing kinases” (37),
with a structure featuring a short amino-terminal sensing domain
made up of two transmembrane helices that are separated by a
short loop of only a few amino acids that is thought to be buried in
the cytoplasmic membrane. This TCS is also in fact a multicom-
ponent system, requiring at least one accessory protein, GraX, in
order to function. Finally, the GraSR TCS is also a member of a

TABLE 4 BACTH analysis of GraX, GraR, GraS, VraF, and VraG interactionsa

Units of �-galactosidase activity

Hybrid protein T18-GraS GraS-T18 T18-GraX GraX-T18 T18-GraR T18-VraG VraG-T18 T18-VraF VraF-T18

T25-GraS 57 187 9 59 27 15 10 11 12
GraS-T25 34 100 12 111 25 11 10 10 11
T25-GraX 11 7 68 90 10 10 10 9 5
GraX-T25 21 174 82 35 112 11 11 126 123
T25-GraR 14 88 9 50 14 9 8 7 51
T25-VraG 11 65 10 18 9 10 130 65 475
VraG-T25 8 6 7 7 6 7 6 7 6
T25-VraF 8 6 9 52 9 10 17 9 208
VraF-T25 4 6 84 77 63 74 6 27 23
a Functional complementation between the indicated hybrid proteins was quantified by measuring �-galactosidase activities in E. coli DHT1 cells harboring the corresponding
plasmids, as described in Materials and Methods. Hybrid proteins in which the S. aureus polypeptides are fused to T25 (T18) via their N terminus are marked as T25-X (T18-X).
Hybrid proteins in which the S. aureus polypeptides are fused to T25 (T18) via their C terminus are marked as X-T25 (X-T18). Each result represents the mean value of eight
independent measurements. In all cases, standard deviations were within 20% of the mean. Zip-Zip associations were used as positive controls (26). Under the same assay
conditions, functional complementation between T25-Zip and T18-Zip yielded about 400 units of �-galactosidase activity. T25 and T18 associations were used as negative controls.
Cells expressing these nonfused fragments gave about 10 units of �-galactosidase activity.
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small group of TCSs associated with an ABC transporter (VraFG)
encoded by genes genetically linked to those of the TCS (8, 24, 43).

In B. subtilis, the BceAB ABC transporter was shown to be
essential for bacitracin sensing by the BceSR TCS, highlighting a
new mechanism for TCS-mediated signal transduction, where the
ABC transporter MSD protein is thought to act as the bona fide
bacitracin sensor for the BceS intramembrane-sensing kinase (4,
8, 43). We have recently shown that the BraSR/BraDE TCS/ABC
transporter module in S. aureus functions in much the same man-
ner, with the BraDE ABC transporter involved in sensing bacitra-
cin and acting through the BraSR TCS to control synthesis of a
second ABC transporter, VraDE, specifically involved in confer-
ring bacitracin resistance and likely acting as a detoxification
module (19).

As we show here, the GraSR TCS requires the accessory regu-
latory protein GraX as well as the VraFG ABC transporter in order
to function, effectively forming a multicomponent system. Several
systems with auxiliary regulators of histidine kinase activity have
recently come to light (6), as well as many examples of TCSs where
the membrane-bound histidine kinase interacts with transport
proteins such as ABC transporters (47). Our results show that the
GraSR system combines both of these original aspects. Indeed, in
this report we examined the roles of the GraX and VraFG addi-
tional partners in conferring CAMP resistance through this com-
plex pathway and their functional relationship with the GraSR
TCS. We provide evidence indicating that GraX acts through the
GraS HK and that the VraFG transporter plays an essential role in
CAMP resistance by sensing and signaling their presence through
GraSR. The VraFG transporter thus positively controls its own
synthesis through GraSR, conceivably leading to a positive feed-
back loop in the presence of CAMPs. While the manuscript was
under review, Yang et al. independently reported the observation

that mprF expression is lowered in a vraG mutant, in agreement
with our results (49).

Complementation experiments with constitutively expressed
vraFG genes allowed us to show that VraFG cannot confer CAMP
resistance when produced on its own, indicating it is not involved
in the detoxification process, since a �graRS mutant constitutively
expressing vraFG remained highly sensitive to CAMPs. Interest-
ingly, it is now apparent that the two S. aureus TCS/ABC trans-
porter modules differ significantly in their mechanisms from
those of B. subtilis in that sensing and resistance are systematically
uncoupled in both cases: for the Bra system, sensing involves the
BraDE ABC transporter, but resistance only requires the VraDE
ABC transporter (19); for the Gra system, as shown here, sensing
involves the VraFG transporter, but resistance involves the dlt and
mprF genes. In each case, the associated ABC transporter is only
involved in sensing and not resistance per se, unlike the Bce system
of B. subtilis where the ABC transporter has both functions (4,
8, 43).

We used a dual Pho-Lac translational fusion approach to show
that GraX is a cytosolic protein and that the GraS HK has two
transmembrane segments and a short intramembrane loop with
both termini exposed to the cytosol. A subsequent bacterial two-
hybrid approach revealed in particular that GraS interacts with
both GraX and the VraG permease and that GraX also interacts
with VraF and GraR. These results suggest that GraX plays a cen-
tral role in the regulatory process, indicating the existence of a
multicomponent membrane-linked signaling complex involved
in CAMP sensing and signal transduction. Our results allowed us
to propose a model for CAMP signaling and resistance through
the GraSR pathway in S. aureus (Fig. 5). CAMPs would first be
sensed by the VraFG ABC transporter, as we have shown that a
vraFG mutant strain no longer responds to their presence. This is

FIG 5 The five-component signal transduction network controlling CAMP sensing and resistance in S. aureus. CAMPs are sensed by VraFG and the signal is
transduced to GraS through a mechanism that likely involves interaction between VraG and GraS, probably through the extracellular loop of the VraG permease,
which we have shown to be required for its specificity and activity in CAMP sensing. Activation of the GraSR system leads to increased transcription of the dlt
operon and the mprF gene, leading to CAMP resistance. Double-headed arrows indicate protein-protein interactions, green arrows indicate activation of
transcription, and purple arrows indicate protein synthesis and phenotypes.
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fairly unusual since typically in TCSs the signal is sensed by the
external loop of the histidine kinase (21). However, this is in
agreement with the fact that GraS belongs to the intramembrane-
sensing histidine kinase family, thought to detect stimuli from
within or at the membrane interface (37, 38). We suggest that the
stimulus is sensed either by the VraFG ABC transporter and then
transferred to GraS, which in turn activates GraR, or through
CAMP interaction with both VraFG and the extracellular loop of
GraS (Fig. 5). This would then lead to increased expression of the
dlt operon and mprF, with subsequent D-alanylation of WTAs and
LTAs and lysinylation of membrane phosphatidylglycerol, in-
creasing cell surface positive charges and conferring resistance
through electrostatic repulsion of CAMPs (Fig. 5).

Several important questions remain to be answered, such as
how the VraFG ABC transporter senses CAMPs. We have demon-
strated that the extracellular loop of VraFG is important for
CAMP recognition by constructing a chimeric ABC transporter
by domain swapping, exchanging the extracellular loop of VraG
for that of the closely related ABC transporter permease VraE,
involved in bacitracin but not in colistin detoxification (19). Our
results suggest that in VraG, this extracellular loop is essential for
signal recognition and could be involved in direct interaction with
CAMPs and/or GraS, whose short extracellular loop could also
play a role in this process. Indeed, the GraS loop has been sug-
gested to be involved in conferring ligand recognition specificity
by directly binding to distinct CAMPs (33) and may also be in-
volved in signaling to the GraS histidine kinase.

It will be important to determine whether the VraG and GraS
loops are both involved and act together in CAMP detection and
how signaling to the GraS HK effectively occurs, for example,
using site-directed mutagenesis and different chimeric extracellu-
lar loops. One possibility is that CAMP binding to VraG and/or
GraS causes a conformational change promoting GraS-dependent
activation of GraR through phosphorylation. Further work will be
required to unravel the mechanism of detection and activation of
the original five-component GraXSR/VraFG module required for
S. aureus resistance to CAMPs to confirm these hypotheses, as well
as the specific role of the GraX accessory protein in this signal
transduction pathway.
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